We characterized a refolded hen lysozyme variant containing only two SS-bonds, C64-C80 and C76-C94 (4CAHEL). From CD spectra and its activity, it was found that the refolded 4CAHEL has a structural topology analogous to wild-type lysozyme (WTHEL). Moreover, the refolded 4CAHEL showed no thermal transition, indicating that it had a character like a molten globule.
Lysozyme with four SS-bonds, C6-C127, C30-C115, C64-C80, and C76-C94, is one of the proteins whose folding process has been investigated. In the refolding process from reduced lysozyme, many intermediates of lysozymes with various SS-bonds should appear. Since our earlier study indicated that peptide region 59-105 which includes C64-C80 and C76-C94, is an initiation site for hen lysozyme folding from reduced form, 1) it was suggested that the molecular species of lysozyme that contains only two C64-C80 and C76-C94 formed in the folding process of reduced lysozyme.
Molten globules are thought to be general intermediates in protein folding that forms in the early stage of refolding processes of proteins. 2, 3) But, so far no moltenglobule state in the folding process of lysozyme has been reported, whereas a molten-globule state has been detected in the folding process of alpha-lactalbumin, a protein homologous to lysozyme. Molten globules possess a native-like backbone topology, but this topology does not necessarily encompass the entire polypeptide chain. 4) Moreover, a typical feature of a protein in the molten-globule state is the absence of the thermal transition. 5) If refolded 4CAHEL has a character like molten globule, the refolded 4CAHEL might correspond to folding intermediate forms in the early stage of the refolding process of reduced lysozyme. Hence, in this paper, we characterized refolded 4CAHEL.
4CAHEL was produced using E. coli, and purified according to the method of Mine et al.
6) The refolding of 4CAHEL from the reduced and denatured state was performed according to previous methods with a slight modification. 7) First, in order to examine the formation of SS bonds in the refolded 4CAHEL was digested with trypsin and analyzed using reversed phase-HPLC (Fig. 1) . As for the result, the tryptic peptide containing the two SS-bonds was quantitatively recovered (peak A in Fig. 1 ). By RP-HPLC analysis of the digests of peak A in Fig. 1 with alpha-chymotrypsin and prolylendopeptidase, we obtained a pattern similar to that in our previous report 8) (inset in Fig. 1 ). Next, in order to examine whether 4CAHEL has a backbone topology homologous to that of the wild-type lysozyme, we Refolded 4CAHEL on RP-HPLC. Peak A is peptide W62-R68 plus N73-K96. Inset: the elution pattern of the peptides derived from digestion of peak A by both alpha-chymotrypsin and prolylendopeptidase on RP-HPLC. The column was eluted with a gradient between 40 ml of 1% acetonitrile and 40 ml of 40% acetonitrile, both containing 0.1% HCl.
y To whom correspondence should be addressed. Tel: +81-92-642-6662; Fax: +81-92-642-6667; E-mail: ueda@phar.kyushu-u.ac.jp Abbreviations: 4CAHEL, recombinant hen lysozyme containing an extra N-terminal Ser in which Cys6, Cys30, Cys115, and Cys127 are replaced individually by Ala; WTHEL, wild-type hen lysozyme; CMHEL, WTHEL in which the SS-bonds are reduced and carboxymethylated; PNP-(GlcNAc) 5 , p-nitrophenyl-penta-N-acetyl-beta-chitopentaoside analyzed its CD spectrum and activity. Figure 2 shows CD spectra of refolded 4CAHEL and WTHEL in the absence or presence of 6 M Gdn HCl at pH 3. The spectrum of the refolded 4CAHEL showed a similar shape but had lower ellipticity at 222 nm, where the helical content is reflected. The refolded 4CAHEL lacks in two cystines C6-C127 and C30-C115, which are located in the alpha-domain of lysozyme. Therefore, the alpha-domain in the refolded 4CAHEL might possess a loose structure, resulting in a decrease in helical content. Moreover, the activity of the refolded 4CAHEL against PNP-(GlcNAc) 5 was measured by the methods of our previous work.
9 ) The activity of the refolded 4CAHEL against PNP-(GlcNAc) 5 was determined to be 5.4% of that of WTHEL, despite the decrease in helical content. The pattern of the hydrolyzed product by the refolded 4CAHEL was similar to that of WTHEL. Therefore, it was suggested that the refolded 4CAHEL had a partly backbone topology and an active cleft homologous to WTHEL. Figure 3 shows the gel chromatography pattern of refolded 4CAHEL. The retention times of CMHEL, in which the SS-bonds are reduced and alkylated, and of WTHEL are also shown, indicating the retention times of denatured structure and native structure respectively. Refolded 4CAHEL had a larger hydrodynamic volume than WTHEL but a smaller one than CMHEL (Fig. 3) . Hence, the size of the refolded 4CAHEL was found to be between that of WTHEL and that of the denatured lysozyme. The result that refolded 4CAHEL had a loose ordered structure was consistent with that in the CD spectrum, in which refolded 4CAHEL had a partly backbone topology. Thus refolded 4CAHEL had a partly backbone topology homologous to the WTHEL, whereas the structural compactness of the refolded 4CAHEL was different from that of WTHEL.
In order to investigate whether refolded 4CAHEL does not have the thermal transition, which is a typical character of molten globule, 5) we performed DSC measurements of WTHEL and refolded 4CAHEL at pH 3 at which the thermal denaturation of WTHEL is reversible according to the previous methods.
10) A transition of WTHEL was observed at 72 C (Fig. 4) . On the other hand, refolded 4CAHEL did not show any thermal transition. Since the CD spectrum of refolded 4CAHEL at 50 C was similar to that of WTHEL in the presence of 6 M Gdn HCl, thermal denaturation of the refolded 4CAHEL should take place between 20 C and 50 C (data not shown). Therefore, it was found that refolded 4CAHEL had a character similar to the moltenglobule state of alpha-lactalbumin.
5)
The definition of molten globule is to possess a The column (TSK gel G3000SW, 7:8 Â 600 mm) was eluted at a flow rate of 0.3 ml/min with 10% acetic acid. native-like backbone topology where the ordered structure is less 4) and there is no the thermal transition.
Based on the results of CD spectra, gel chromatography, activity against PNP-(GlcNAc) 5 , and DSC analysis, it was concluded that the refolded 4CAHEL has a character like molten globule. This finding is consistent with the following two results: i) peptide region 59-105 was an initiation site for lysozyme folding from the reduced form, 1) ii) the two SS-bonds among C64, C76, C80, and C94 formed earlier than the other SS-bonds in the refolding of reduced lysozyme by sulfhydryldisulfide interchange reactions.
11) Thus, it was suggested that refolded 4CAHEL was a folding intermediate formed in the early stage of the refolding process of the reduced lysozyme.
